Fall time 94% to 50% 20% to 100%
I. INTRODUCTION
Flat top 3% flatness Ringing % of peak Three fast kicker units are required in the PAR at the APS. Two of them, named P1K and P2K, are used for both beam injection and extraction with injection as the main function. A third unit, named P4EK, is required for beam extraction only. Based on the ring size and the beam length, the time specifications for the kicker's magnetic field are listed in Table 1 . 
KICKER CIRCUIT

Kicker Magnet
The kicker magnet has a window-frame structure with an 11 cm by 5.3 cm aperture to accommodate the coil and the vacuum chamber. The magnet is 35 cm long and constructed with ferrite CMD5005 by Ceramic Magnetics, Inc. The magnetic field inside the ferrites is kept well below the saturation point even under maximum current. The total inductance of the magnet, not including the inductance due to the connections, is about 844.8 nH. This inductance is too high for the fast rise-time and fall-time requirements. In order to reduce the inductance, the magnet is divided into two half-turn magnets, each having a separate pulse forming network (PFN). The magnet is also divided longitudinally into multiple sections to make it a distributed magnet.
Pulse Forming Network
The pulse forming network consists of two parts. Part one is made of AA7949 triaxial cables by Times Microwave Systems, Inc. Each cable is made 12 meters long and then trimmed to the proper length during the test to give the desired rise time. The nominal characteristic impedance of the cables is 16.4 Q, calculated from the nominal inductance and capacitance per unit length. However, the manufacturer specifies it as a 13-R cable. The test shows that its impedance is around 15 R. In the computer simulation 16.4 R is used. The propagation velocity of the cable is 0.16 d n s . For each half-turn magnet, there are two cables connected in parallel to form an 8.2-R PFN.
Part two of the PFN is the magnet itself. Since each half-turn magnet has an inductance of 422.4 nH, it would have a time constant of 55.3 ns if terminated with an 842 resistor. This time constant would be too large for the required rise times, especially foir the rise time between 20% and 100%. To reduce the effect of the magnet inductance on the field rise time it was decided to make the magnet a distributed magnet instead of a lumped one. Each half-turn magnet is divided into multiple sections by lumped capacitors. Apparently, the more sections the magnet is divided into, the closer it is to a true transmission line. However, because of the limit 'of the physical size of the capacitors, the number of sections cannot be too big. In reality it has to be a compromise between the time requirement and the sizes of the magnet and the capacitors.
With a distributed magnet, the rise time of the field in the magnet gap is determined by the sum of the time that is required for the current in the load resistors to reach the peak and the time that is required for the current wave to travel through the magnet. The rise time of the current depends on the overall inductance in the connections between the magnet and the resistor load, in the resistor load assembly, and in the thyratron assembly. The speed at which the field wave travels through the magnet is given by Because of the schedule, it was not possible to redesign the magnet. Much effort was spent on making adjustments in the circuit to compensate for the slow magnet. For the injection kickers, the total rise time satisfied the requirement, but the rise time from 20% to 100% exceeded the limit. Its fall time also needed to be greatly reduced.
To reduce the rise time, a capacitor, C,, was added to the load resistor. This capacitor not only reduced the rise time and the fall time, but also increased the ringing at the end of the pulse. Therefore, C, could not be too big. A 4.7-nF capacitor was found to be the optimal choice, providing the needed time reduction without an excessive increase in the ringing.
To further reduce the fall time, the capacitor value at the output of the magnet was tripled. This greatly reduced the fall time, but the rise time increased as a side effect. To compensate, the PFN cables were shortened so the traveling wave from the PFN would come back early and the magnetic field would reach the peak early. The negative side of shortening the PFN was that greater PFN voltage would be needed to produce the required current. After extensive tests, the best configuration for the injection kickers was achieved. For the best configuration, the PFN cables were shortened to 8 meters and the third R-C branch from the input of the magnet was removed. Figure 3 shows the field waveform obtained. The important parameter is the rise time. After some adjustment, the best configuration was found. Its cable PFN is 9 meters, and the half-tum magnet only needs the first and the last R-C branches (with only one C in the last branch). The 4.7-nF capacitor, C,, is a h required. Figure 4 shows the magnetic field of the extraction kicker, and Table 2 shows the achieved parameters of the injection and extraction kickers. Since the prototype, three kicker units have been built. Their PFNs and the magnet ccinfigurations were adjusted according to the test results from the prototype. These kicker units have been installed in the PAR for more than a year, with each injection kicker accumulating more than 25 million pulses. The performance of these kickers has been satisfactory-near 100% beam injection and extraction efficiency has been achieved.
